TIP60 consists of an N-terminal chromo barrel domain (TIP60-CB) and a C-terminal acetyltransferase domain and acetylates histone and non-histone proteins within diverse cellular processes. Whereas the TIP60-CB is thought to recognize histone tails, molecular details of this interaction remain unclear. Here we attempted a quantitative analysis of the interaction between the TIP60-CB and histone peptides, but did not observe any binding through either fluorescence polarization or isothermal titration calorimetry. We solved a crystal structure of the TIP60-CB alone. Analysis of the crystal structure demonstrates a putative peptide binding site that may be occluded by the basic side chain of a residue in a unique β hairpin between the two N-terminal strands of the β barrel.
Introduction
TIP60 (tat-interactive protein 60), also known as KAT5 or HTATIP, is a MYST (MOZ, YBF2, SAS2 and TIP60) family acetyltransferase that comprises an N-terminal chromo barrel domain (TIP60-CB) and a C-terminal histone acetyltransferase domain [1] [2] [3] . TIP60 catalyzes acetylation of lysine side chains in various histone [4, 5] and non-histone [6, 7] proteins, including itself [8] , and plays critical roles in multiple cellular processes, such as chromatin remodeling [5] , transcription [5] , DNA double-strand break (DSB) repair [3, 9] , apoptosis [9] , embryonic stem cell identity [10] and embryonic development [11] . Abnormal expression of TIP60 is associated with tumorigenesis of several carcinomas, such as lymphomas, head-and-neck, breast [12] and prostate cancers [13] . Homozygous loss of Tip60 leads to embryonic lethality in mice [11] .
barrel domain under PDB code 2EKO, we have solved the crystal structure of the chromo barrel domain of TIP60 (residues 1-80, Table 1 and Fig. 2 ) as a result of our unsuccessful attempts at preparing a crystal of the domain in complex with a histone peptide. The asymmetric unit of our crystallographic model accommodates seven TIP60 chromo barrel domain molecules and each molecule is highly similar to the solution structure. As expected, coordinates at the termini of the solution structure of TIP60-CB (Momen et al., PDB entry 2EKO) vary significantly between the models of the NMR ensemble. However, coordinates of the loop between the two most C-terminal barrel strands are also distributed broadly across the ensemble, which may have functional implications ( Fig. 2A ). This loop includes residue Phe50, which corresponds to residue Trp382 inside the second MBT repeat of the known histone binder L3MBTL1 ( Fig. 2A ). Therein, together with Phe379 and Tyr386, Trp382 forms the aromatic cage that recognizes dimethylated Lys20 of histone H4 [18] . Aromatic cages are formed by between 2 and 4 aromatic residues and are a characteristic feature of methylation effector proteins that recognize methylated lysine [19, 20] , methylated arginine [21, 22] or even N 6 -methyladenosine [23] . Phe379 of L3MBTL1 can be aligned [24] with Tyr47 of TIP60-CB, but the distance between the Cα atoms of Phe379 and Trp382 of L3MBTL1 lies outside and below the 6.1-9.0 Å distribution of inter-Cα distances between Tyr47 and Phe50 of TIP60 in the NMR model ensemble ( Fig 2B) . Significant "loosening" of the putative cage should affect the capability of TIP60-CB to recognize histone peptides, but the wide distribution of distances raises the possibility that even smaller or larger distances are conformationally accessible to TIP60. Like the NMR solution structure (Momen et al., 2007) , the protomers of the TIP60-CB crystal structure largely resemble the prototypical DmMOF chromo barrel [25] (Fig. 2C ). Electron density resolved residues Tyr47 and Phe50 with varying clarity across the seven protomers ( Fig. 2D and 2E) and suggested that the loop could adopt a conformation similar to the corresponding loop in the second MBT repeat of L3MBTL1, which carries cage residues Phe379 and Trp382.
A possible structural impediment to the binding of the TIP60-CB to lysine-methylated histone peptides
The TIP60-CB, with 4 β-strands followed by a short 310 α-helix, is different from the typical chromo barrel domain comprising a five strands β-barrel and a long α-helix or a short 310 α-helix following these β-strands, such as ScEaf3 [17] , MRG15 [26] , MSL3 [27] , and DmMOF [25] (Fig. 2F and 3A ). In addition, TIP60 has a unique β hairpin between the first and second β-strands ( Fig. 3B and 3C ). As mentioned above, the aromatic residues Tyr47 and Phe50 of TIP60-CB may form an aromatic cage, however, a positively charged side chain of Arg17, locating in the unique β hairpin, occupies the cage (Fig. 2F ). The Arg17 side chain is not well resolved in the crystal structure ( Fig. 2D and 2E ), but residual difference density indicates that the side chain may compete with a putative histone ligand for space in the aromatic cage ( Fig. 3D ).
The residue Arg17 can be readily aligned with residue His21 in the MRG15 chromo barrel domain ( Fig. 3B) , which has been observed as the obstruction of the aromatic cage by its side chain previously [26] . In addition, the β hairpin, including a long side chain of Gln20, blocks the entrance of the aromatic cage ( Fig. 2G and 3D ). As binding of methylated histone peptides has nevertheless been demonstrated for the chromo barrel domains of MRG15 [26] and its yeast homology ScEaf3 [17] , such binding can also not be ruled out for TIP60-CB, but would likely entail significant movement of the hairpin between the two N-terminal strands of the chromo barrel.
Structural comparison with other chromo barrel domains reveals that all the known histone binding chromo barrel domains (ScEaf3, MRG15 and MRG2) have a short loop in the potential histone binding site except MSL3, which has a similar long loop to the β hairpin of TIP60 in its chromo barrel domain ( Fig. 3C and 3E ). However, this loop does not block the histone binding site and the corresponding residue to Arg17 in MSL3 is Glu21, which is located outside the aromatic cage. In contrast to the positive charged residue, which clashes with the same charged methylated residue, the negative charged residue Glu21 might favor the methylated residue. Compared to the methyl-lysine complex structure of the chromo barrel domain of ScEaf3, the chromo barrel domain of DmMOF holds an incomplete cage, formed by only one aromatic residue Tyr416, and this incomplete cage is also occupied by a positive charged residue, Arg387 (Fig. 3F ). These two features of DmMOF prevent the binding of methyl-lysine histone peptides to DmMOF, as reported previously [25] . Taken together, our structural and binding analysis presented here, coupled with the previously published chromo barrel domain structures, reveals that not all of the chromo barrel domains have the histone binding ability.
Whereas the position of phosphorylation target Tyr44 inside the amino acid sequence implies proximity to the aromatic cage, both solution and crystal structures indicate that the side chain points away from the aromatic cage, consistent with the residue's position on the same β strand as cage residue Tyr47 (Fig. 2F ). Mechanistic insight into the interplay between phosphorylation and putative peptide binding [2] remains elusive.
Structural Comparison of the chromo barrel domain of TIP60 to other Royal family members
The chromo barrel domain reported here is also often called chromodomain or chromodomain-like domain or Tudor-knot domain in the protein domain annotation databases, such as SMART or InterPro, which indicates that the chromo barrel domain also belongs to Royal family domains, made up by chromodomain, Tudor domain, PWWP (Pro-Trp-Trp-Pro) domain and MBT (malignant brain tumor) repeat [28] .
Sequence alignment of some chromo barrel domains with the typical chromodomain protein HP1, Tudor domain protein SMN and MBT repeat protein L3MBTL1 shows that the chromo barrel domain has the highest similarity to the chromodomain, especially for the part of the chrombox homology motif that is used to distinguish the chromodomain form other Royal family members [29] (Fig. 4A) . A large number of Royal family domain-containing proteins have been reported as methylated-lysine and methylated-arginine readers [20, 30] . These proteins use a hydrophobic cage, which is formed by 2-4 aromatic residues, to recognize and bind to the methylated lysine or arginine [19, 20, 31, 32] . Sequence alignment indicates that most cage forming aromatic residues are highly conserved in Royal family domains ( Fig. 4A) . Normally, the histone methylation binding aromatic cage consists of 2-4 aromatic and long hydrophobic side chain residues with the cage being accessible to the methyl-lysine or methyl-arginine residue. Based on whether a complete and fully functional aromatic cage is present or not, the chromo barrel domain is divided into MOF-like and MSL3-like subgroups, which may bind to RNA and methylated residues, respectively [25] . According to this classification, TIP60 belongs to the MOF-like subgroup, which may not bind to the methylated residues and is consistent with our binding data ( Fig. 1 ).
Although the sequence alignment suggests high sequence similarity between the chromo barrel domain and Royal family domains, structural comparison shows several structural differences. The common structural core of a Royal family domain is a β-barrel-like fold [28] . The complete tertiary structure of a specific Royal family domain is formed by adjoining this common β-barrel-like fold with adjacent β-strands or α-helices. In general, chromo barrel domain is composed of 5 β-strands and one α-helix [25, 26] , while chromodomain is made up by 3 β-strands and one α-helix [33] [34] [35] [36] , Tudor domain harbors 4-5 β-strands [37] , PWWP domain contains 5 β-strands and 1 to 6 α-helices [38] , and MBT, which forms a stable structure unit by using 2-4 repeats, consists of 5 β-strands and an extended α-helix arm from its neighbor ( Fig. 3A and 4B) [18, 39] . The Tudor-knot is named from the Saccharomyces cerevisiae Esa1 knotted Tudor domain, which is formed by core Tudor domain with extended N-and C-termini forming an antiparallel β-sheet and acting as a knot to help the Tudor domain to interact with RNA [40] . So the Tudor-knot is a special Tudor domain (Fig. 4B) . The chromo barrel domain is also referred to as noncanonical chromodomain because it normally has two more beta strands than the canonical chromodomain, which just has 3 beta strands and 1 helix [29] . In addition, although both chromo barrel domain and chromodomain share one common structural feature, one α-helix, the α-helix of chromo barrel domain is packed against β-barrel core in different direction as chromodomain does (Fig. 3A and 4B ). Although there are several structural difference, the β-barrel core of chromo barrel domain can superimpose very well with the other Royal family members, which also indicates the chromo barrel domain is a member of Royal family (Fig. 4C ). Structural comparison also indicates that the extra beta strand (β1) takes over the histone peptide binding groove of typical chromodomain, which may explain the weak binding of histone peptide to chromo barrel domain (Fig. 4C ).
In conclusion, our quantitative FP and ITC binding assays fail to identify any direct interaction between TIP60 and histone peptides. Whereas the crystal structure of TIP60-CB indicates that the formation of an aromatic cage is possible, it also suggests that access to the cage may be occluded by a basic amino acid side chain within a unique β hairpin. This observation alone does not rule out peptide binding, as such obstruction may be transient.
Materials and methods

Protein expression and purification
The chromo barrel domain of TIP60 (residues 1-80) was subcloned into a modified 
Crystallization
Purified TIP60 (20 mg/mL) was mixed with trypsin at 1:1000 mass ratio [41] and crystallized using the sitting drop vapor diffusion method at 18 ºC by mixing 0.5 μL of the protein with 0.5 μL of the reservoir solution. The crystals were obtained in a buffer containing 20% PEG 3350 and 0.2 M calcium acetate.
Data collection and structure determination
Diffraction data were collected at low temperature at beam line 19ID of the Advanced Photon Source (Argonne, IL) and reduced with XDS [42] and AIMLESS [43] software.
The structure was solved by molecular replacement with the program MOLREP [44] and coordinates extracted and transformed by PHASER [45] from the TIP60 chromo barrel domain solution structure (PDB code: 2EKO). The model was automatically retraced with BUCCANEER [46] program using PARROT [47] modified phases. The present model was obtained through iterative manual re-building with COOT [48] , restrained refinement under "local" non-crystallographic symmetry restraints with REFMAC [49] and model validation with MOLPROBITY [50] . CCP4 [51] , PHENIX [52] , PDB_EXTRACT [53] programs and the IOTBX library [54] were used in preparing model summaries (Table 1) and Protein Data Bank deposition.
Accession number
Coordinates and structure factor amplitudes of TIP60-CB were deposited in the PDB with accession code 4QQG. 
